Chemokine (C-C motif) ligand 2 (CCL2), a chemoattractant for macrophages, T cells, and cells expressing CCR2, is upregulated during acute and chronic inflammation. CCL2 has been implicated in both proinflammatory and anti-inflammatory responses and has been suggested as a target for therapy in some inflammatory disorders. To examine the role of CCL2 during virus infection, we infected mice transgenically expressing CCL2 in the central nervous system (CCL2 Tg) with an attenuated neurotropic coronavirus (rJ2.2 strain of mouse hepatitis virus). Infection of wild-type mice with rJ2.2 results in mild acute encephalitis, followed by a nonlethal, chronic demyelinating disease. Proinflammatory innate and adaptive immune responses mediate virus clearance. In marked contrast, CCL2 Tg mice infected with rJ2.2 ineffectively cleared virus and rapidly succumbed to the infection. CCL2 Tg mice mounted a dysregulated immune response, characterized by augmented accumulation of regulatory Foxp3 ؉ CD4 ؉ T cells and of nitric-oxide-and YM-1-expressing macrophages and microglia, suggestive of mixed M1/M2 macrophage activation. Further, macrophages from infected CCL2 Tg brains relative to non-Tg controls were less activated/mature, expressing lower levels of major histocompatibility complex class II (MHC-II), CD86, and CD40. Collectively, these results show that persistent CCL2 overexpression establishes and sustains an immunological milieu that is both inflammatory and immunosuppressive and predisposes mice to a defective immune response to a minimally lethal virus.
O ne of the most commonly upregulated chemokines at sites of inflammation is chemokine (C-C motif) ligand 2 (CCL2), a chemoattractant for monocytes, T cells, and other cells that express chemokine (C-C motif) receptor 2 (CCR2), its sole receptor. In addition to expression at sites of acute inflammation, CCL2 is upregulated in the context of chronic inflammation, including autoimmune disease, atherosclerosis, cancer, and chronic infection (1) . In the central nervous system (CNS), CCL2-mediated leukocyte recruitment promotes tissue pathology in neuroinflammatory conditions, including ischemic and traumatic brain injury, neurodegeneration, multiple sclerosis, and viral encephalitis (2) (3) (4) (5) (6) (7) . Consequently, therapeutic strategies have been developed to interfere with CCL2/CCR2-mediated leukocyte infiltration in CNS and peripheral inflammatory conditions (3, (8) (9) (10) .
CCL2 not only has chemotactic properties but also is expressed at sites of both TH1-and TH2-type inflammation and promotes the polarization of both types of inflammation (11, 12) . In the absence of CCL2-CCR2 signaling, mice are resistant to the development of TH-1/TH-17-driven experimental autoimmune encephalomyelitis (EAE) (13, 14) . On the other hand, TH2 polarization in Leishmania infection is defective in the absence of CCL2 expression (15) .
In certain settings CCL2 appears to have immunosuppressive activity. CCL2 protected mice during lethal endotoxemia and promoted an anti-inflammatory response, characterized by reduced expression of interleukin-12 (IL-12) and tumor necrosis factor (TNF) and greater IL-10 expression (16) . Neutralizing CCL2 by pretreating animals with anti-CCL2 serum increased endotoxininduced mortality, while the administration of recombinant murine CCL2 provided protection against lethal endotoxemia. Transgenic CCL2 expression in pancreatic islets in nonobese diabetic mice suppressed diabetes development, leading the authors to conclude that induced CCL2 expression might be useful in ameliorating disease (17) . Transgenic expression of CCL2 in the CNS exacerbated the severity of ischemic brain injury and of Theiler's murine encephalomyelitis virus infection, whereas it diminished the severity of EAE by downregulating a TH1-associated gamma interferon (IFN-␥) response (4, 6, 18) . Collectively, these results suggest that CCL2 may be protective or detrimental depending on the timing and context in which it is expressed.
CCL2 is upregulated in the CNS after infection with neurotropic viruses, such as West Nile virus and the JHM strain of mouse hepatitis virus (MHV-JHM) (7, 19) . Studies using CCL2 and CCR2 null mice indicated that during viral CNS infections, CCL2-CCR2 signaling was critical for the recruitment of immune cells to mediate virus clearance (20) (21) (22) . However, given the pleiotropic effects described above, CCL2 expressed within the CNS is also predicted to impact the outcome of the antiviral immune response by modulating the phenotype and effector function of the cells accumulating in the brain. To examine this possibility, we analyzed mice transgenic for expression of CCL2 in the CNS (CCL2 Tg) (23) after infection with the attenuated rJ2.2 strain of MHV-JHM. In these mice, CCL2 is constitutively expressed by oligodendrocytes (CCL2 Tg) under a myelin basic promoter. Previous studies showed that naive CCL2 Tg mice have widespread leukocyte infiltrates within perivascular spaces and meninges but do not manifest overt signs of neuroinflammatory disease (23) . Whether this preexisting inflammatory milieu impacted clinical outcomes or the host response after infection with a neurotropic virus was not examined in these studies.
Mice infected with MHV-JHM develop acute and chronic infections of the CNS, and serve as a model of virus-induced, immune-mediated encephalomyelitis (24) . Infection with attenuated variants of MHV-JHM, J2.2-V-1, or its recombinant form rJ2.2 results in nonlethal acute and chronic encephalomyelitis, with virus clearance mediated by TH1 CD4 ϩ T cells and CD8 ϩ T cells (24) . rJ2.2 is oligodendrocyte-tropic, and immune-mediated demyelination occurs during virus clearance with macrophages and microglia serving as the final effector cells (25, 26) . T cells are not absolutely required for tissue destruction because RAG1 Ϫ/Ϫ (recombination activation gene 1-deficient mice) mice, which lack mature B and T lymphocytes, develop extensive macrophage/ microglia infiltration and demyelination after infection with a recombinant rJ2.2 virus engineered to express CCL2 (27) . Thus, CCL2-mediated recruitment of macrophages/microglia into rJ2.2-infected brain tissue is sufficient to induce demyelination. However, as noted above, CCL2 and CCR2 participate in a protective response to MHV by promoting macrophage and T cell recruitment to the CNS (20, 21) .
Based on these results showing key roles for CCL2 in inflammatory cell recruitment and for inducing demyelination in the absence of T and B cells, we predicted that CCL2 Tg mice would develop a robust proinflammatory antiviral immune response and efficiently clear virus. We show here that rJ2.2-infected CCL2 Tg mice developed exacerbated acute encephalomyelitis, with the majority of mice succumbing to an otherwise nonlethal CNS infection. In contrast to our expectation, however, lethal disease was not accompanied by an effective anti-virus immune response but rather by delayed virus clearance. We show that this results from a previously unappreciated ability of CCL2 to dysregulate the immune response, resulting in severe immunopathological disease without effective pathogen clearance.
MATERIALS AND METHODS
Mice. CCL2 Tg mice were obtained from Sergio Lira (Mount Sinai School of Medicine, New York, NY). Nontransgenic littermates and wild-type C57BL/6 mice (National Cancer Institute) were used as controls. Mice were maintained in the animal care facility at the University of Iowa. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH). Mice were housed in the animal care facility at the University of Iowa. The protocol was approved by the University of Iowa Animal Care and Use Committee (protocol 1007161). All efforts were made to minimize animal suffering.
Virus. MHV-JHMV (rJ2.2) was propagated and titered as previously described (28) . Five-to seven-week-old non-Tg or CCL2 Tg mice were inoculated intracranially with 700 PFU of rJ2.2. Virus titers were quantified from brain tissue by plaque assay on HeLa-MHVR cells as previously described (28) .
Antibodies and flow cytometric analysis. The following antibodies were used in staining: anti-CD45 (30-F11), anti-Ly6G (IA-8), anti-Ly6C (AL-21), anti-CD11c (HL3), anti-CD4 (RM 4-5), anti-CD8 (53-6.7), anti-CD40 (3/23), and anti-CD16/32 (2.4G2) were all from BD Pharmingen, anti-CD11b (M1/70), anti-Foxp3 (FJK-16S), anti-IFN-␥ (XMG1.2), anti-TNF (MP6-XT22), anti-IL-2 (JES6-5H4), and anti-CD80 (16-10A1) were all from eBioscience, and anti-CD107a (1D4B), anti-CD107b (M3/84), anti-I-A/I-E (M5/114.152), anti-CD86 (GL-1) were all from Biolegend. Cells were analyzed using a FACSCalibur or FACSVerse flow cytometer (BD Biosciences, Mountain View, CA). The data sets were analyzed using FlowJo software (Tree Star, Inc., Ashland, OR).
Preparation of brain-derived leukocytes. Brain-derived mononuclear cells were isolated as previously described (29) . Briefly, mice were perfused with phosphate-buffered saline (PBS), and the brains were harvested, dispersed using 25-gauge needles, and digested with collagenase D (1 mg/ml; Roche Diagnostics) and DNase I (0.1 mg/ml; Roche Diagnostics) at 37°C for 30 min. Mononuclear cells were isolated by passing homogenized tissue through a 70-m-pore-size cell strainer, followed by centrifugation through a 30% Percoll gradient (Pharmacia, Uppsala, Sweden).
Histology and immunohistochemistry. Zinc formalin-fixed brain tissue was embedded in paraffin and sectioned sagittally at a thickness of 8 m. Tissue sections were stained with hematoxylin and eosin (H&E) and assessed by light microscopy. For immunohistochemistry, paraffin sections were stained with rabbit anti-YM1 antibody (StemCell Technologies, Inc., Vancouver, Canada), followed by biotinylated-goat anti-rabbit IgG antibody (Vector Laboratories, Burlingame, CA).
Confocal microscopy. Paraffin brains sections were simultaneously stained for viral antigen and macrophages/microglia or astrocytes. rJ2.2infected cells were detected using mouse antibody specific to MHV nucleocapsid protein (monoclonal antibody 5B188.2, provided by M. Buchmeier, University of California at Irvine, Irvine, CA) and a fluorescein isothiocyanate (FITC)-conjugated donkey anti-mouse IgG antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Macrophages/microglia were detected using rabbit anti-Iba-1 (ionized calcium binding adaptor molecule 1) antibody (Wako Chemicals USA, Inc., Richmond, VA) and a Cy3-conjugated-donkey anti-rabbit IgG antibody (Jackson ImmunoResearch Laboratories). Astrocytes were detected using rabbit anti-GFAP (glial fibrillary acidic protein) antibody (Sigma-Aldrich, Inc.) and a Cy3-conjugated-donkey anti-rabbit IgG antibody (Jackson ImmunoResearch Laboratories) Samples were analyzed using a Bio-Rad Radiance 2100 multiphoton/confocal microscope. Images were processed and analyzed using ImageJ software (NIH).
Staining with H-2D b /S510 tetramer. Tetramer was obtained from the National Institute of Allergy and Infectious Diseases MHC Tetramer Core Facility (Atlanta, GA). Cells were stained for CD8, CD16/CD32, and tetramer as previously described (29) and analyzed by flow cytometry.
Intracellular cytokine staining and detection of CD107a and CD107b surface expression. Mononuclear cells were harvested from the brains of mice at 7 days postinfection (p.i.) and analyzed for expression of IFN-␥, TNF, and IL-2 by an intracellular cytokine assay as previously described (30) . Briefly, brain-derived cells were stimulated in the presence of antigen-presenting cells (CHB3 cells, B cell line, I-A b , H-2D b , and H-2K b ) pulsed with the indicated peptide for 6 h at 37°C in the presence of 1 l of Golgiplug (BD Pharmingen)/ml. Peptides corresponding to S510 or M133 epitope were used at a final concentration of 1 and 5 M, respectively. Cells were stained for CD8, CD4, CD16/CD32, IFN-␥, TNF, and IL-2 and analyzed by flow cytometry. CD107a and CD107b expression by S510-specific IFN-␥ ϩ CD8 ϩ T cells was measured after S510 peptide simulation directly ex vivo. FITC-conjugated anti-CD107a and anti-CD107b antibodies were added at the same time as the peptide. Cells were stained for CD8, CD16/CD32, and IFN-␥ and analyzed by flow cytometry.
Measurements of intracellular nitric oxide levels. Intracellular NO was assessed by using DAF-FM-Diacetate (Molecular Probes, Eugene, OR), which permeates cells by passive diffusion across cell membranes. Once in the cell, DAF-FM-Diacetate is deacetylated by intracellular esterases to form DAF-FM, which forms a fluorescent benzotriazole upon reacting with NO. Brain-derived leukocytes were incubated at 37°C in Dulbecco modified Eagle medium (DMEM) in the presence of 2 M DAF-FM-Diacetate for 1 h, washed twice with cold PBS, and then labeled with Percp-conjugated anti-CD45 and phycoerythrin-conjugated anti-CD11b antibodies. Cells were analyzed by flow cytometry immediately after cell surface staining.
Bone marrow-derived macrophages (BMDM). Bone marrow was obtained from C57BL/6 mice as previously described (31) . Bone marrow cells were cultured in 24-well plates containing DMEM supplemented with 10% fetal bovine serum, 10% L929 cell-conditioned medium (as a source of macrophage colony-stimulating factor), 1 mM sodium pyruvate, and 1% penicillin-streptomycin. At 7 days after plating, the cells were stimulated with recombinant CCL2 alone or in combination with IL-4 and IL-13 (R&D Systems) for 20 h. In some assays, the cells were pretreated with CCL2 for 6 h prior to stimulation with IL-4 and IL-13. RNA was extracted from the cells using TRIzol (Invitrogen/Life Technologies, Carlsbad, CA).
Macrophage/microglia sorting. Mononuclear cells were isolated from rJ2.2-infected brains at day 5 p.i. The CD45 hi/int CD11b ϩ macrophages/microglia were sorted using a FACSAria (BD Biosciences).
qRT-PCR. RNA extracted from brains, fluorescence-activated cell sorting (FACS)-purified macrophages/microglia, or BMDM using TRIzol was reverse transcribed using Superscript II (Invitrogen) according to the manufacturer's protocol. The levels of mRNA were quantified by quantitative reverse transcription-PCR (qRT-PCR) using SYBR green (SA Biosciences, Frederick, MD). Amplification was performed using an Applied Biosystems 7300 real-time PCR system (Applied Biosystems, Foster City, CA). The specificity of the amplification was confirmed by melting-curve analysis. The data were analyzed as previously described (32) and normalized to HPRT. Primers used for qRT-PCR were as follows: HPRT, forward (5=-GCCCTTGACTATAATGAGTACTTCAGG-3=) and reverse (5=-TTC AACTTGCGCTCATCTTAGG-3=); arginase-1, forward (5=-AGACCACA GTCTGGCAGTTG-3=) and reverse (5=-CCACCCAAATGACACATAG G-3=); YM-1, forward (5=-CATGAGCAAGACTTGCGTGAC-3=) and reverse (5=-GGTCCAAACTTCCATCCTCCA-3=); FIZZ-1, forward (5=-T 
RESULTS

Composition of cellular infiltrates in the brains of naive (uninfected) CCL2 Tg mice.
Previous studies showed that Tg expression of CCL2 by oligodendrocytes induced leukocyte infiltration of perivascular spaces and meninges but not the brain parenchyma (23, 33) . Consistent with these studies, histological analysis of naive CCL2 Tg but not non-Tg brain tissue sections revealed extensive meningeal and perivascular infiltrates ( Fig. 1A and B ). We extended the published studies by examining the cellular composition of the leukocytes present in naive (uninfected) brains by flow cytometry. In agreement with the histological findings, we detected 70-fold more CD45 ϩ leukocytes in the brains of naive CCL2 Tg mice relative to controls (1.3 ϫ 10 7 Ϯ 0.2 ϫ 10 7 versus 1.8 ϫ 10 5 Ϯ 0.6 ϫ 10 5 cells) ( Fig. 2A ). As expected, resident microglia (CD45 int CD11b ϩ Ly6G Ϫ ) constituted the majority (ϳ80%) of CD45 ϩ cells in naive non-Tg brains ( Fig. 2B and C) . In contrast, macrophages (CD45 hi CD11b ϩ Ly6G Ϫ ) were the most prominent population (ϳ55%) present in CCL2 Tg brains ( Fig.  2B and C) . Transgenic CNS expression of CCL2 resulted in 600fold (7.2 ϫ 10 6 Ϯ 0.9 ϫ 10 6 versus 1.2 ϫ 10 4 Ϯ 0.4 ϫ 10 4 cells) and 7.5-fold (ϫ 10 6 1.1 Ϯ 1 ϫ 10 6 versus 1.4 ϫ 10 5 Ϯ 0.5 ϫ 10 5 cells) increases in the absolute number of macrophages and microglia, respectively ( Fig. 2C ), in the brain relative to non-Tg controls. Neutrophil (PMN; CD45 ϩ CD11b ϩ Ly6C ϩ Ly6G ϩ ) numbers were also increased in the brains of CCL2 Tg mice relative to controls (Fig. 2C ). Two populations (CD45 ϩ CD11c ϩ CD11b Ϫ/int and CD45 ϩ CD11c ϩ CD11b hi cells) of cells expressing CD11c, a marker commonly used to identify dendritic cells (DCs), were present in high numbers in CCL2 Tg brains but were virtually absent in non-Tg control brains ( Fig. 2D and E). CD4 ϩ and CD8 ϩ T cells were both ϳ300-fold more numerous in the brains of CCL2 Tg mice relative to non-Tg controls (5.0 ϫ 10 5 Ϯ 0.7 ϫ 10 5 versus 1.9 ϫ 10 3 Ϯ 0.7 ϫ 10 3 CD4 ϩ T cells and 4.2 ϫ 10 5 Ϯ 0.8 ϫ 10 5 versus 1.3 ϫ 10 3 Ϯ 5 ϫ 10 3 CD8 ϩ T cells) ( Fig. 2F ). Of note, although the CNS is considered an immune privileged site, T cells in the naive non-Tg control brains may represent cells providing pathogen surveillance, as described previously (34) . Notably, both the relative frequency and the absolute number (2.0 ϫ 10 5 Ϯ 0.2 ϫ 10 5 cells versus 358 Ϯ 168 cells) of regulatory Foxp3 ϩ CD4 ϩ T cells (Tregs) were significantly increased in CCL2 Tg brains ( Fig.  2G and H). Together, these results indicate that constitutive CCL2 expression resulted in a heterogeneous leukocyte infiltrate primarily rich in macrophages and microglia but also consisting of neutrophils, DCs, and CD8 ϩ and CD4 ϩ T cells, including Tregs.
Overexpression of CCL2 in the CNS enhances morbidity and mortality in mice infected with rJ2.2. To investigate the impact of these preexisting immune cell infiltrates on the pathogenesis of virus-induced encephalomyelitis, we infected CCL2 Tg and non-Tg mice intracranially with rJ2.2. After rJ2.2 infection, CCL2 Tg mice showed greater weight loss and mortality than non-Tg mice, with 80% succumbing to infection by 11 days p.i. (Fig. 3A  and B ). Clinically, infected CCL2 Tg mice appeared to be severely encephalitic, displaying greater signs of disease (ruffled fur, hunched posture, lethargy, weight loss, and diminished hind-limb function) compared to non-Tg controls. In contrast, the infection was uniformly nonlethal in the non-Tg controls, which exhibited milder signs of disease ( Fig. 3A and B ). Histological examination of infected brains showed that CCL2 Tg mice relative to controls had perivascular cuffing that was more pronounced and had greater leukocyte infiltration throughout the meninges and brain parenchyma at days 3 ( Fig. 1C and D), 5 (data not shown), and 7 p.i. (Fig. 1E to H). Thus, CCL2 Tg mice showed histological signs of severe immunopathology throughout the acutely infected brain, a finding consistent with the enhanced clinical disease and mortality that occurred in these mice after rJ2.2 infection.
Virus clearance from the CNS is impaired in CCL2 Tg mice. Since previous studies indicated that the CCL2-CCR2 chemokine axis promoted MHV clearance from the CNS (20, 21), we next assessed whether enhanced leukocyte infiltration into CCL2 Tg brains resulted in more rapid virus clearance. Virus titers were similar between non-Tg and CCL2 Tg mice at day 3 p.i. (Fig. 3C ). However, virus titers were higher rather than diminished in CCL2 Tg brains relative to non-Tg controls at days 5 and 7 p.i. (Fig. 3C ). rJ2.2 can infect macrophages and microglia; therefore, one potential explanation for the increased virus titers is that the increased numbers of macrophage and microglia present in CCL2 Tg brains provided an additional reservoir for virus replication. To address this possibility, we costained tissue sections of infected brains (days 3, 5, and 7 p.i.) for virus antigen and macrophages/microglia, and we visualized the dually labeled sections by confocal microscopy. Viral antigen-positive cells did not colocalize significantly with macrophages/microglia in either group of mice ( Fig.  4A and B) , indicating that virus titers were not increased in CCL2 Tg mice as a result of enhanced infection of macrophages and microglia. In addition, viral antigen did not significantly colocalize with GFAP-positive astrocytes ( Fig. 4C and D) . Of note, rJ2.2 has a strong tropism for oligodendrocytes (24) , making it likely that augmented infection of these cells accounts for the increased viral load in CCL2 Tg mice.
rJ2.2-infected CCL2 Tg mice show greater accumulation of brain-derived macrophages, microglia, and neutrophils than non-Tg controls. To further assess whether there were differences in the composition of immune cell infiltrates between CCL2 Tg and non-Tg mice at days 5 and 7 p.i., we isolated mononuclear cells from infected brains and analyzed them by flow cytometry. The absolute numbers of CD45 ϩ cells did not increase appreciably in the brains of CCL2 Tg mice upon infection (1.4-to 2.2-fold increase) (compare Fig. 2A and 5A) . In marked contrast, the numbers of CD45 ϩ cells increased ca. 35-and 156-fold at days 5 and 7 p.i., respectively, in the brains of infected relative to naive non-Tg mice (compare Fig. 2A and 5A ). The net result was that CCL2 Tg mice had an ϳ3-fold greater number of CD45 ϩ leukocytes in the brain compared to non-Tg controls at days 5 and 7 p.i. (Fig. 5A) .
Numbers of CD11c ϩ CD11b Ϫ/int cells were ϳ7-fold greater at day 5 p.i. in the CCL2 Tg brains relative to non-Tg controls but were similar in magnitude between the two groups at day 7 p.i. (Fig. 5B ). Monocytes/macrophages in the rJ2.2-infected brain can also express CD11c during maturation (35) (36) (37) , making it difficult to definitively distinguish the CD45 ϩ CD11c ϩ CD11b hi cells as DCs or macrophages. Consequently, we did not analyze this population further. We detected similar frequencies of macrophages and neutrophils in the CCL2 Tg and non-Tg brains at days 5 and 7 p.i.; consequently, the absolute numbers of cells were ca. 2-to 3-fold greater in the CCL2 Tg brains relative to non-Tg controls (Fig. 5C to F) . Microglia were 1.5-and 2-fold greater in number at days 5 and 7 p.i., respectively, in CCL2 Tg mice relative to non-Tg controls ( Fig. 5D and F) .
T cell numbers and effector function are similar in rJ2.2-infected CCL2 Tg and non-Tg brains. Since a diminished T cell response could contribute to impaired virus clearance, we next evaluated the anti-virus CD4 ϩ and CD8 ϩ T cell response at day 7 p.i. The total numbers of CD4 ϩ and CD8 ϩ T cells were 3-and 1.5-fold higher, respectively, in CCL2 Tg brains at day 5 p.i. but were similar in magnitude between the groups of mice at day seven p.i. (Fig. 6A and B) . CCL2 Tg and non-Tg mice had similar frequencies (ϳ40%) and numbers of CD8 ϩ T cells specific to the immunodominant S510 epitope when assessed at day 7 p.i. by direct ex vivo H-2D b -S510 tetramer staining (Fig. 6C ). We also measured the magnitude and functionality of the MHV-specific CD4 ϩ and CD8 ϩ T cell response by stimulating brain-derived leukocytes directly ex vivo with peptide corresponding to either the immunodominant epitope recognized by CD4 ϩ (M133 epitope) or CD8 ϩ T (S510 epitope) cells and staining for intracellular IFN-␥ production. The frequencies and absolute numbers of IFN-␥-producing M133-specific CD4 ϩ and S510-specific CD8 ϩ T cells were equivalent between the groups of mice ( Fig. 6D and E). We further assessed the functionality of the responding T cells, by determining the capacity of the cells to coproduce cytokines (IFN-␥, TNF, and IL-2). The frequencies of CD8 ϩ and CD4 ϩ T cells coproducing IFN-␥ and TNF or IFN-␥ and IL-2, following ex vivo peptide stimulation were equivalent between CCL2 Tg and non-Tg mice ( Fig. 6F and G) . In addition, geometric mean fluorescence intensity (GMFI) values for IFN-␥, TNF, and IL-2, which reflect protein levels, were equivalent between the groups of mice (data not shown). Differences in cytolytic function might contribute to delayed virus clearance in CCL2 Tg mice. Measurement of degranulation (CD107a/b expression) after peptide stimulation is a surrogate measure of cytolysis; as shown in Fig. 6H , the CD107a/b levels on CD8 ϩ T cells after S510 peptide stimulation were similar when CCL2 Tg and control mice were compared, further suggesting that anti-virus T cells were fully functional when examined directly ex vivo.
Tregs are present in both greater frequency and greater number in virus-infected CCL2 Tg brains. Since impaired effector T cell function seemed unlikely to explain delayed virus clearance and numbers of Foxp3 ϩ Tregs were elevated in the brains of naive CCL2 mice (Fig. 2H) , we next investigated numbers of Tregs and other factors potentially involved in suppressing the proinflammatory response in infected mice. In accord with findings in naive mice, we found that the proportion of CD4 ϩ T cells expressing Foxp3 was significantly higher in infected CCL2 Tg brains relative to non-Tg controls at day 5 p.i. (28.16% Ϯ 1.92% versus 20.68% Ϯ 1.07%; P ϭ 0.005) and 7 p.i. (22.81% Ϯ 1.12% versus 13.38% Ϯ 0.68%; P Ͻ 0.0001) ( Fig. 7A) . Moreover, the absolute numbers of Tregs were 5-and 2.5-fold greater in the CCL2 Tg brains at days 5 and 7 p.i., respectively (Fig. 7B) . Thus, delayed kinetics of virus clearance was accompanied by a greater frequency and number of CNS-localized Tregs in CCL2 Tg mice.
Macrophages from CCL2 Tg mice display reduced surface levels of major histocompatibility complex class II (MHC-II) and costimulatory molecules. To further determine whether infected CCL2 Tg mice exhibited other signs of a diminished proinflammatory response, we examined the phenotypic activation/ maturation of brain-derived macrophages and microglia directly ex vivo at days 5 and 7 p.i. The surface levels of MHC-II (day 7 p.i.) and the costimulatory molecules, CD86 and CD40 (days 5 and 7 p.i), were lower on macrophages, but not on microglia, derived from infected CCL2 Tg brains, indicating reduced cellular activation/maturation relative to non-Tg controls (Fig. 8) .
CCL2 Tg mice showed greater accumulation of YM-1-expressing cells. Myeloid cells with suppressor function, including M2 macrophages (alternatively activated macrophages [AAM]) and myeloid-derived suppressor cells have been shown to impair and total numbers (D and F) of CD45 ϩ cells that are macrophages, microglia, and neutrophils (PMNs) at days 5 and 7 p.i. The data are from two to three separate experiments (n ϭ 6 to 9 mice/group/time point) and are presented as the means Ϯ the SEM. ns, not significant; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. effective immunity against certain intracellular infections and tumors (38, 39) . Next, we assessed whether genes associated with AAM, such as arginase-1 (Arg-1), YM-1, and resistin-like molecule alpha (Relm␣/Fizz-1) (40), were upregulated in infected brain tissue using qRT-PCR ( Fig. 9A to C) . The levels of Arg-1 and YM-1 mRNA were both significantly elevated in naive CCL2 Tg compared to non-Tg brain tissue ( Fig. 9A and B) . Most strikingly, YM-1 mRNA levels in the brain increased after infection and were ϳ14-fold higher in infected compared to naive CCL2 Tg brains by day 7 p.i. (Fig. 9A) . Further, YM-1 levels were ϳ50-fold higher when infected CCL2 Tg and control mice were compared at day 7 p.i. (Fig. 9A) . Arg-1 also increased during infection (Fig. 9B) . In marked contrast to YM-1, levels of Arg-1 were similar in both groups at day 3 p.i. but increased to a greater extent in non-Tg brains at day 5 p.i. By day 7 p.i., levels of Arg-1 mRNA were equivalent between CCL2 Tg and control mice (Fig. 9B ). Little to no expression of Fizz-1 mRNA was observed at any of the time points analyzed (Fig. 9C ). Immunohistochemical staining of Brain-derived leukocytes were stimulated with S510 or M133 peptide directly ex vivo and stained for intracellular cytokine production. The frequencies and total numbers of IFN-␥-producing S510-specific CD8 ϩ cells (D) and M133-specific CD4 ϩ T cells (E) at day 7 p.i. are shown (left panels, frequency; right panels, total cells). (F and G) Epitope-specific CD4 ϩ and CD8 ϩ T cells were assessed for the coproduction of TNF and IFN-␥ or of IL-2 and IFN-␥. The percentages of IFN-␥-producing epitope-specific CD8 ϩ (F) and CD4 ϩ T cells (G) that coexpress TNF or IL-2 are shown in the left or right panels, respectively. (H) CD107a and CD107b expression by S510-specific IFN-␥ ϩ CD8 ϩ T cells was measured after S510 peptide simulation directly ex vivo. The data are representative of three separate experiments (n ϭ 8 to 10 mice/group/time point). Horizontal lines represent the means Ϯ the SEM. ns, not significant; **, P Ͻ 0.01; ***, P Ͻ 0.001. brain tissue sections for YM-1 protein showed that YM-1-expressing cells were present in large numbers throughout the meninges, perivascular spaces, and parenchymal tissue of CCL2 Tg brains both prior to and during infection ( Fig. 9E to J) . We detected no Arg-1 or Fizz-1 staining in brain tissue, probably because the proteins were expressed at very low levels (data not shown).
To confirm YM-1 expression by macrophages/microglia, we isolated CD45 int/hi CD11b ϩ cells from infected CCL2 Tg and non-Tg control brains at day 5 p.i. YM-1 mRNA was also significantly elevated in cells derived from the brains of CCL2 Tg relative to control mice, without concomitant increases in Arg-1 and Fizz-1 expression levels (Fig. 9D ). mRNA levels of two genes associated with classically activated macrophages (M1 macrophages), TNF and IL-12, were similar in CCL2 Tg and non-Tg mice (Fig. 9D) .
To determine whether CCL2 can act directly on macrophages/ microglia to promote alternative activation, we treated bone marrow-derived macrophages (BMDM) with recombinant CCL2 protein and measured Arg-1 and YM-1 mRNA levels by qRT-PCR. As expected, recombinant IL-4 and IL-13, well-established AAM inducers, significantly increased the expression of Arg-1 and YM-1 by BMDM (Fig. 9K ). However, CCL2 treatment alone did not increase the expression of Arg-1 and YM-1, nor did it enhance the expression levels induced by IL-4 and IL-13, when given in combination either 6 h prior to or simultaneously with IL-4 and IL-13 (Fig. 9K) . The results from this surrogate system suggest that CCL2 did not directly induce YM-1 or Arg-1 expression by macrophages. Alternatively, CCL2-mediated induction of TH2 cytokines (IL-4, IL-13, and IL-10) could indirectly result in AAM polarization. However, mRNA levels of IL-4, IL-13, and IL-10 were detected at similarly low levels in brains of CCL2 Tg and non-Tg mice and in isolated macrophages and microglia, making this explanation unlikely (Fig. 10A to D) .
CCL2 Tg mice show a greater accumulation of nitric oxide (NO)-producing macrophages and microglia in brain tissue. Arg-1 expression by AAM is considered to be critical for the immunosuppression mediated by these cells. However, levels of Arg-1 were not greater in the brains of CCL2 Tg mice (Fig. 9B ). Inducible nitric oxide synthase (iNOS/NOS2) expressed by M1 macrophages also metabolizes arginine and results in the production of nitric oxide (NO), which is both immunosuppressive and cytotoxic (41) . Specifically, NO has the capacity to inhibit T cell responses (41, 42) . Next, we examined whether macrophages and microglia analyzed directly ex vivo from infected CCL2 Tg brains showed differences in NO production relative to non-Tg controls, using the fluorescent indicator DAF-FM-DA. Microglia from naive CCL2 Tg mice showed a bimodal distribution of DAF-FM-DA fluorescence, indicating that some cells produced elevated levels of NO even in the absence of infection (Fig. 11A ). As expected, microglia from naive non-Tg mice were largely low in DAF-FM-DA fluorescence, reflecting minimal NO production ( Fig. 11A ). We detected substantial differences in NO levels between CCL2 Tg and non-Tg mice by day three p.i. (Fig. 11A ). Although NO production was only modestly upregulated in in-fected non-Tg mice (day 3 p.i.), the frequency (Fig. 11B ) and cell number (Fig. 11C ) of NO ϩ macrophages and microglia were significantly increased (28-and 10-fold, respectively) in infected CCL2 Tg brains relative to non-Tg controls. In addition, macrophages and microglia in infected CCL2 Tg brains relative to non-Tg controls showed greater NO production on a per cell basis, as indicated by greater DAF-FM-DA GMFI values (Fig. 11D ). By day 5 p.i., these differences were less pronounced, although we still detected 4-to 5-fold more macrophages and microglia pro- ducing NO in infected CCL2 Tg brains relative to non-Tg controls ( Fig. 11E-G) . Collectively, these data suggest that macrophage/ microglia with a mixed M1/M2 phenotype contributed to the dysregulated inflammatory milieu present in the brains of infected CCL2 Tg mice.
DISCUSSION
Transgenic expression of CCL2 in naive mice resulted in the influx of large numbers of leukocytes into the CNS, but mice remained asymptomatic ( Fig. 1 and 2 ). Upon rJ2.2 infection, cell numbers increased 2-fold by day 7 p.i., with concomitant parenchymal invasion and the rapid demise of the mice. Here we show that a dysregulated immune response developed in these mice, resulting in ineffective virus clearance and significant mortality. The widespread infiltration of activated inflammatory cells in the meninges and perivascular spaces likely impaired the reabsorption of circulating cerebrospinal fluid and enhanced blood-brain barrier breakdown and cerebral edema, contributing to the death of the mice (Fig. 1) .
Previous studies using CCL2 or CCR2 null mice revealed that during MHV infection CCL2 and CCR2 promoted the recruitment and influx of macrophages and T cells into parenchymal tissue to facilitate virus clearance (20, 21) . Our results suggest that CCL2 transgenic expression has effects beyond promoting cell trafficking. Although CD45 ϩ cell numbers in the CNS of CCL2 Tg compared to non-Tg mice were increased 2-to 3-fold upon infection, the cells were phenotypically different. Thus, macrophages expressed more YM-1 and NO ( Fig. 9 and 11, respectively) , which is consistent with a mixed M1/M2 response and expressed less CD86, MHC-II, and CD40 ( Fig. 8 ), suggesting reduced activation/ maturation compared to cells in the brains of non-Tg mice.
Published descriptions of naive MBP-CCL2 Tg mice emphasized the presence of macrophages in the meninges and perivascular spaces but not in the brain parenchyma (23) . Our results show that the cellular infiltrate also included neutrophils, CD4 ϩ and CD8 ϩ T cells, Tregs, and CD11c ϩ cells. Infiltration was probably mediated by the expression of CCR2 on hematopoietic cells in naive mice; consistent with this, subsets of monocytes and Tregs are known to express CCR2 under baseline conditions (43, 44) . That the first cells into a site of CCL2 expression (or an inflammatory site) are anti-inflammatory may not be surprising, since this would be a mechanism for preventing unnecessary and undesirable inflammation and bystander damage. Thus, some of the first cells entering the MHV-infected CNS of wild-type mice are Tregs, but their numbers are quickly overwhelmed by the virus-specific T effector cell response, resulting in efficient virus clearance (45) . In contrast, in the presence of transgenic CCL2 expression, T cells specific for rJ2.2 entered the CNS and functioned equivalently to cells from non-Tg brains when examined directly ex vivo (Fig. 6 ). However, these cells were not capable of rapidly clearing virus in the CCL2 Tg brain milieu. Therefore, the presence of large numbers of immune cells in naive mice and subsequent additional infiltration of cells into the infected brain did not result in greater virus clearance.
Consistent with the presence of an immunologically dysregulated microenvironment in the brains of CCL2 Tg mice, levels of MHC-II, CD86, and CD40 on macrophages were lower than in controls, indicating decreased cell activation/maturation (Fig. 8 ).
Since MHC-II expression is IFN-␥ dependent (46) , decreased levels suggest that IFN-␥ was present to a lesser extent in CCL2 Tg mice and, by extension, that anti-virus T cells were not activated to the same extent as in non-Tg mice. Transgenic CCL2 expression in the CNS also increased the frequency and number of Tregs in both naive and infected brains (Fig. 2G and H and 7A and B) . We previously showed that adoptive transfer of Tregs resulted in a diminished proinflammatory immune response in RAG1 Ϫ/Ϫ or wild-type mice infected with rJ2.2 (47) . In these mice, Tregs largely functioned in draining lymph nodes, diminishing dendritic cell function. During the natural rJ2.2 infection, Tregs, including virus-specific Tregs are also detected in the brain and spinal cord (48) . The results described here provide further support for the notion that Tregs also have a direct role at the site of infection. In general in infectious settings, Tregs limit immune-mediated bystander damage at the site of infection but while doing so may interfere with virus clearance (49) ; the augmented numbers of these cells in brains of CCL2 Tg mice likely contribute to delayed virus clearance.
Macrophages and microglia in uninfected CCL2 Tg brains expressed higher levels of NO than controls, and NO levels rapidly increased upon infection in these mice (Fig. 11 ). Studies have identified myeloid cells with suppressor function in tumors and at sites of inflammation (50) and shown that a major mechanism by which these cells suppress T cell responses involves the metabolism of L-arginine by the sole or combined action of Arg-1 or NOS2 to produce either urea and L-ornithine or NO and L-citrulline, respectively (41) . Of note, Arg-1 was not preferentially expressed in the brains of CCL2 Tg mice (Fig. 9B) . NO inhibits T cell responses by interrupting IL-2 signaling via blocking the phos- phorylation and activation of downstream signal transducing proteins (41, 51) . Also, NO contributes to the generation of reactive nitrogen and oxygen species, which in turn, exert immunosuppressive activity within the local microenvironment (41, 52) . In another study, NO produced by myeloid cells with suppressor function dampened clearance of murine cytomegalovirus (MCMV) by inhibiting virus-specific CD8 ϩ T cell responses (53) . During MCMV infection, these NO-producing monocytes were recruited in response to CCL2-CCR2 chemokine signaling and were further mobilized by an MCMV-encoded CC chemokine (MCK2) that signals through CC2R.
Macrophages/microglia from CCL2 Tg brains expressed elevated levels of YM-1 (Fig. 9D) , and YM-1 is typically upregulated in response to stimulation with TH2 cytokines, such as IL-4 and IL-13 (40) . YM-1 is a secreted lectin expressed by macrophages and shares sequence homology with chitinase-like proteins but lacks chitinase activity (54) . Although the physiological function of this molecule is unknown, its expression by AAM suggests that it has an as-yet-undefined role in suppressing the proinflammatory immune response. Further, overexpression of YM-1 by macrophages has been associated with progressive crystalline pneumonia in mice (55) and, in severe cases, the YM-1 crystalline material obliterated alveolar spaces. Thus, aberrantly expressed YM-1 may be directly destructive to tissues. Together these results suggest that multiple factors contribute to an impaired immune response in the CNS of infected CCL2 Tg mice but do not identify a single one as most important.
Activation of the CCL2-CCR2 pathway to promote immunosuppressive responses has been suggested as a therapeutic approach in autoimmune disease (17) . However, our studies suggest that performance of such manipulations must be carefully considered, because they may affect anti-pathogen immune function. Therapeutic interventions designed to modulate CCL2-CCR2 signaling during inflammatory conditions will need to consider both the potential proinflammatory and the anti-inflammatory activities of this chemokine network.
